We study the transient dynamics of biological oscillators subjected to brief heat pulses. A prospective well-defined experimental system for thermal control of oscillators is the peripheral electroreceptors in paddlefish. Epithelial cells in these receptors show spontaneous voltage oscillations which are known to be temperature sensitive. We use a computational model to predict the effect of brief thermal pulses in this system. In our model thermal stimulation is realized through the light excitation of gold nanoparticles delivered in close proximity to epithelial cells and generating heat due to plasmon resonance. We use an ensemble of modified Morris-Lecar systems to model oscillatory epithelial cells. First, we validate that the model quantitatively reproduces the dynamics of epithelial oscillations in paddlefish electroreceptors, including responses to static and slow temperature changes. Second, we use the model to predict transient responses to short heat pulses generated by the light actuated gold nanoparticles. The model predicts that the epithelial oscillators can be partially synchronized by brief 5-15 ms light stimuli resulting in a large-amplitude oscillations of the mean field potential.
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Introduction
In neuroscience, control of cellular dynamics is traditionally performed by electrical stimulation or by various pharmacological agents. For example, control of neuronal oscillations by application of electrical stimuli to specific brain areas was suggested to suppress abnormal large-scale oscillations observed in Parkinsoinian patients [1, 2] . Recent revolutionary technique, called optogenetics, utilizes light stimulation of cells whose membranes include light-sensitive cation channels "inserted" by genetic modification [3, 4] . Yet another alternative is to employ metallic nanoparticls (NPs) or nanocristals attached to a cell or even to specific proteins and stimulated by light or magnetic field. In particular, NPs of noble metals are notorious for effective heat generation by the light excitation of plasmon resonance [5] . Photothermal effect in metal NPs has many potential applications in biomedical research including photothermal therapy, sensing, imaging, actuation and drug release [6] [7] [8] [9] [10] [11] [12] . Oscillations of the membrane potential of a biological cell are temperature sensitive due to temperature-dependent conductivity and kinetics of ion channels in the cell's membrane [13] . For example, oscillatory responses of sensory hair cells are highly temperature sensitive [14] . Temperature variations can modulate rhythms of hippocampal field activity in the brain [15] . Light-activated metallic NPs are capable of delivering brief heat pulses, and thus represent an attractive technique for control of cellular dynamics and oscillations. Indeed, we expect that a temperature increase may raise the frequency of voltage oscillations of a cellular system. Furthermore, a short thermal stimulus may also reset the phase of oscillations changing the collective dynamics [16] . Several recent experimental studies demonstrated the possibility of thermal control of cellular dynamics using metallic NPs in in vitro preparations of single or cultured cells [17] [18] [19] . Here we model an experiment in which gold NPs are used as actuators to control oscillations in an in vivo preparation of peripheral electroreceptors in paddlefish.
Electroreceptors (ERs) are peripheral sensory organs in the skin, sensitive to weak voltage gradients in water. ERs are hair cell -sensory neuron receptors, similar to those for the senses of hearing and balance. ERs in paddelefish are organized in clusters of 3 -30 pores mainly on the frontal appendage, called the rostrum. Each skin pore leads into a short canal, ∼ 200 μm deep and 30-400 μm in internal diameter, which ends in a sensory epithelium consisting of ∼ 1000 sensory hair cells along with support cells [20] . Sensory cells in the epithelium, each ∼10 μm long and 5-7 μm in diameter, are cellular transducers for external weak electrical signals. Epithelial cells exhibit spontaneous voltage oscillations at ∼ 26 Hz at 22 • C that are temperature sensitive [21] . These oscillations can be recorded directly from an ER canal in the form of a mean field potential in an intact in vivo preparation [21] . Gold (Au) NPs can be easily delivered to the natural cavities formed by ER canals and used as nanoheaters upon excitation by the laser light of appropriate resonant wavelength. In this paper we simulate such an experiment. We develop a simple model of epithelial oscillations using an ensemble of Morris-Lecar systems with temperature scaling coefficients. We use experimental data on static temperature sensitivity of ERs from [21] to tune the model parameters. We then calculate brief temperature changes in water due heat generated by Au NPs complex in response to a short laser pulse and study collective response of epithelial oscillators.
Model
In our model Au NPs are delivered to a pore of the ER cluster on the rostrum of the paddlefish. NPs form a thin layer above apical surfaces of epithelial cells at the bottom of the canal (Fig. 1) . Laser pulse directed into the canal excites plasmon resonances in Au NPs resulting in a brief heat pulse which then affects voltage dynamics of the ensemble of epithelial cells. The model neglects the light absorption by tissue and water. This is justified if green or near infrared light is used, as at 500 -1100 nm wavelength the light absorbance of tissue and water is several order of magnitudes smaller than that of Au NPs [22, 23] .
We assume that the Au NPs complex is a cylinder of uniform density n NP , of radius R 0 and height h (Fig. 1) . Furthermore, we assume that medium surrounding the Au NPs complex is uniform with thermal properties of water. With these assumptions, the dynamics of the local temperature change T (t, r) as a function of the position r and time t is given by the conventional heat transfer equation, ρ c ∂T (t, r) ∂t = κ ∇ 2 T (t, r) + q(t, r),
